It was found that the phage population assaulted a batch culture of an industrial recombinant derivative of E. coli BL21(DE3) was attenuated that manifested in producing pinprick-type plaques and their inability to propagation in subsequent passages. Because of this, the goals of the present research were to evaluate biodiversity and scrutinize the possible virion structural defects of the attenuated phage population prior to pure phage lines isolation. The anion exchange chromatography (AEC) was chosen as the principal method allowing to get a comparative phage population profile based on the virion net surface charge, as well as to treat the 5-liter virion-contained sample and collect high-quality concentrated and separated phage fractions to further analysis. The isolate consisted of a mix of two phages belonging to Myoviridae (A2-morphotype) and Siphoviridae (B1morphotype) families. By restriction analysis, the main portion of this phage pool (about 99% of all virions) was identified as the primary population of myophage Lw1, which possessed its own intra-population biodiversity (heterogeneity). It consisted of a major and two minor subpopulations that differed by phage capsid size and shape. The subpopulation III consisted of aberrant tubby-phages with triprolate (expanded at both sides) capsids having low aspect ratio.
Introduction
Sporadic phage infections (phage lysis) of biotechnological bacterial cultures are omnipresent and lead to heavy financial losses. Despite the fact that the E. coli BL21(DE3) system for recombinant genes expression [1] is world widely used in both industry and academics, there are only two reports on phages infecting this bacterium and its derivatives. In 2010 Li et al. reported the complete genome sequence of a Siphoviridae family phage that had assaulted an engineered E. coli strain [2] . In 2013 we analyzed a complete genome sequence of lytic phage Lw1 of Myoviridae family that had caused sporadic lysis of E. coli-based producer of human insulin [3] . Investigating this case, we have observed the phage lysate containing about 10 10 -10 11 PFU /ml that formed plaques on a lawn of parental E. coli host under the industrial growth temperature (37 °C). Moreover, most of the appeared plaques failed to propagate in subsequent passages. Because of this, we analyzed the bioreactor phage isolate (the primary Lw1 phage population) looking for virion structural aberrations that might be associated with the attenuation of the virus population, as well as the phage population structure and its biodiversity in general (ratio of normal virions to deviated phage virions). Anion exchange chromatography (AEC) was chosen as the principal method for purification and separation of virions.
This made it possible to evaluate the biodiversity of the primary phage isolate and physically segregate this phage pool populations and subpopulations based on a density of virion net surface charge before the phage pure lines isolation step. [4] . It was important to use richly filled fresh LB-plates. Test plates were incubated overnight under 37°С.
Phage plaque assay was conducted by double-layer technique

Phage concentration, purification and separation by DEAE-cellulose
column. I. Crude phage lysate was treated with DNAse I (up to 2 U/ml) and chlorophorm at 25 °C, than cell debris was sedimented at 5000 g. II. Anion-exchange chromatography. Fibrous DEAE-cellulose (type 23SS, SERVAGEL, capacity 0.74) in 0.01 M NaP buffer (pH 7) was used according to [5] . NaP buffer 1 M stock solution was made of 1 M Na 2 HPO4 -57.7 ml, 1 M NaH 2 PO 4 -42.3 ml [6] . 0.02-0.04% sodium azide was applied as conservative. The procedure was carried at 18 °C, natural flow with running speed started up from 15 ml/min. Elution buffers containing 0.15, 0.25 and 0.4 M NaCl were used to fractionate phage particles. Peaks were detected at 260 and 280A spectrofotometrically.
Electrophoresis of native chromatographic fractions was conducted in
0.8-1% agarose gels in TP buffer 1x (20x stock solution, g/l: Tris -87, NaH 2 PO4 -94, Na 2 EDTA -7.44; pH 8.3) [6] for 2-18 hours, 5-6 V/cm, 120 mA according to principles stated in [7] . DNA bands were detected after ethidium bromide staining by GelAnalyzer image analysis software (http://www.gelanalyzer.com/index.html). The intensity of the DNA band fluorescence was accepted as those one corresponding to the phage concentration, and their values were used to build the fluorescence intensity curves.
CsCl-gradient centrifugation of the peak fractions was performed in
Beckman SW50 rotor (100 000 g, 4 °C, 4h) for additional phage purification and separation. The gradient steps had densities of 1.4, 1.5 and 1.6 g/cm 3 [8] . From the other side, dialysis of salt-containing phage samples leads to their diluting and, thus, decreasing of phage particle concentration.
To avoid these problems, the phage virion nucleic acid was extracted from CsClpurified non-dialysed phage samples by osmotic shock and gentle heat lysis with 1% sarcosine in liquid condition. The reaction mix of general volume 40 μl consisted of 1-5 μl of CsCl-containing non-dyalyzed phage sample, sarcosine up to final concentration 1% and TAE buffer up to 0.5x (TEA buffer 20x stock solution, g/l: Tris -87, Na2EDTA -7.44, pH 8.0) [6] . CsCl-phage aliquot was diluted immediately with TEA-sarcosine buffer mix to provide osmotic shock conditions that disrupt phage head and lead to virion nucleic acid release with its subsequent conversion into DNA-Cs salt. Then, the mix was heated in a water bath at 60 °C, 10 min. The obtained samples were mixed with standard DNA loading buffer and stored at -20 °C until use.
II. TAFE procedure. The DNA-sample loading volume was 10 μl. An optimal DNA concentration in samples was reached by their diluting by 0.5x TAE buffer.
DNA samples were separated in TAFE GeneLine Beckman system in 1% agarose gels, 0.5x TAE buffer. Since the analyzed DNA samples were liquid, the gel separation was conducted in two stages: 1) in a horizontal electrophoresis camerato detention the liquid DNA-samples in gel wells (1 h, 120 mA, 6 V/cm, 25 °C); 2) in a vertical TAFE-camerathe same gel with the detained DNA samples was run with pulse of 9-66 sec (24 h, 120 mA, 9 °C). DNA bands in gels were stained with ethidium bromide. Similar two-step TAFE separation of liquid DNA samples was described in [8] . Marker virion DNAs of phages T4, T5 and T7 were extracted in the same way. where nnumber of classes, Nnumber of data in a sample.
The class interval was calculated by the formula: class interval=( n maxn min)/number of classes, (2) The interval means were used to build a frequency diagram by which the modal value of the parameter analyzed was found.
Calculation of conditional surface area and conditional volume for capsids of Myoviridae virions via a model of a prolate spheroid of revolution. It
was supposed that elongated icosahedron, which is a shape of the capsid of A2morphotype phages of Myoviridae family (typical representative of this phage morphotype is phage T4 of E. coli), could be inscribed within a prolate spheroid of revolution (ellipsoid). Thus, to demonstrate differences in sizes and shapes of myovirion capsids separated into three chromatographic subpopulations, the conditional surface area of capsid was calculated for each virion individually using the formula of the area of ellipsoid:
where a -½ of myophage capsid height, b -½ of myophage capsid width.
The conditional volume of myophage capsids was estimated by formula for the volume of ellipsoid:
, (4) [11] where a and bthe same as in formula (1).
Then, all obtained numerical data were statistically analyzed as described above.
Results
Plaque morphology
Normally, lytic phages, especially those ones, which are suspected for high virulence, should produce the robust negative colonies on the lawn of the known sensitive host. The phages from the studied primary isolate produced pinprick-type plaques that were of tiny size and poorly differentiated (Fig 1) . Most of these negative colonies did not propagate in subsequent passages, but in higher dilutions they completely lysed host cells in a lawn. Further EM examination showed that the primary phage isolate contained T4-like particles having contractile tail and elongated icosahedral head, thus belonging to Myoviridae family and A2-morphotype, respectively (hereinafter 'myovirions').
Thus, based on the features of the phage negative colonies it was assumed that the studied phage isolate contained an attenuated viral population.
The chromatographic profile of the primary phage isolate
A chromatographic profile of UV-adsorbing contents of the primary phage isolate consisted of three main peaks eluted by 0.15, 0.25, and 0.4 M NaCl step gradient (Fig   2, a) . In the case of peaks II and III, the presence of several poorly resolved peaks can be expected according to the curves A260 (black), A280 (red) and the fluorescence intensity curves (green). Based on the electrophoretic separation of the native peak fractions (Fig 2, b , c), plaque assay, and EM examination we found that the start of phage elution corresponded to zones of local minimums on the curve A260/280 (blue), and phage enriched peaks can also be identified by this ratio. Electron microscopy examination has shown that all the three main peaks contained myovirions (Fig 3, a) . A part of them had specific defects in the tail sheath that may additionally indicate that the studied myophage pool was mono-species.
Surprisingly, peak III contained also a substantial amount of virions belonging to the Siphoviridae family (siphovirions, Fig 3, b) . However, aside from the abovedescribed pinprick-type colonies, no morphologically distinct plaques indicating of a mixed phage sample were observed. 
Restriction patterns of the chromatographic peaks
Despite the fact, that peak III fractions contained a fairly large number of siphovirions with filled heads (appeared as dark capsids on EM-micrograph, Fig 3, b), a comparative restriction analysis of total phage DNA revealed no difference in the corresponding patterns (Fig 4) . The patterns appeared to be identical to those of phage Lw1, which had been isolated from this primary phage pool earlier [3] . To disprove a speculation that virion nucleic acid of the siphophages was destroyed during manipulations, TAFE-separation of total phage DNA from the same samples was conducted. (Fig 3, a) . It is well known that isometric heads are common in phage T4 populations [12] . Their virion DNA size is about 2/3 of a complete phage T4 genome [13] that is approximately 113 kb. In our case, 120 kb was about 2/3 of a complete genome length of phage Lw1 that is 176 227 bp [3] . Structural similarities of basal plates, as well as a specific defect in some of phage tail sheaths (data not shown), allowed to identify them as analogous petite-phages of the prevailing myophage population.
Mixed phage sample of the peak III contained additional DNA molecules of 40 kb length (III class). As anticipated, this 40 kb DNA was not found in the samples of peaks I and II. Therefore, the siphovirions release nucleic acid of size correlating with their head diameter (see below).
Morphological analysis of the myophage population
To identify differences in the myovirions structure that correlate with their chromatographic behavior and to reveal the population morphological diversity we Gross morphology of myophages eluted in different peaks is presented in Fig   6 , a-c. The low values of dispersions (Table 1) suggested that myovirions from the main subpopulation II were more uniform by their size than those ones from minor subpopulations I and III. Modal dimensions of the myovirions eluted into different chromatographic peaks are presented in Table 2 . The complete tail length was 124 nm for the major part of particles (Supporting fig 1) . There were some differences between the subpopulations in the tail sheath length and the frontal height of the basal plate that, generally, did not affect the complete length of the tail. These differences can be explained by discrete conformational alterations of the tail structural proteins due to different concentrations of NaCl in the samples. Thus, the tail size had no impact on morphological diversity of the myophage population and we believe that it could not significantly affect the affinity of the virions to DEAE-cellulose.
However, the three myophage subpopulations differed in capsid dimensions and their sizes correlated with the eluant ion strength. The modal capsid size of subpopulation II was 111×78 nm ( For capsids of subpopulation III three discrete modal aspect ratios were found ( 2) . However, these values were close to 1 and lower than those ones of elongated heads that indicated these capsids were rather isometric than elongated. Fig 6, c shows that the virions gathered in the peak III (0.4 M) indeed had capsids with a sphere-like shape clearly distinguishing from the elongated icosahedral head. These aberrant particles had restriction patterns identical to that of phage Lw1 (Fig 4) and were named tubby-phages because of the specific shape of their capsids.
Ranged data series additionally demonstrated the differences in a sample of individually calculated values with no data averaging and whether the dimensions of each subpopulation could be collected in separate plurality. Absence of a significant difference in the phage tail length between the phage subpopulations is demonstrated by the corresponding ranged data series on Fig 7, a. Nevertheless, the ranks of the capsid height, width, and aspect ratios show convincing distinction and confirm that heads of myophages of the three subpopulations differ sufficiently (Fig 7, b-d) . Thus, it is logical to assume that surface area and volume of myophage capsids should differ too. The modal values of S and V for the myophage capsids are presented in Table   2 ( Supporting fig 3 and 4 ). Accepting these values for subpopulation II being equal to "1" (since it contained virions with the representative for the whole myophage population capsids), S and V values were calculated to differ by around ±10-20% in subpopulations I and III.
Conditional capsid surface area and volume of the myophage capsids
Morphological analysis of siphovirions
During EM examination, two types of Siphoviridae virions of B1 morphotype (particles with non-contractile tails and isometric heads) were observed. The prevailing part of them (Fig 9, a) had a modal capsid diameter of 51 nm (Fig 9, d ) and
the modal phage tail length of 215 nm (Fig 9, e) . In some cases, it was possible to scrutinize the tail attachment apparatus structure of these phages (Fig 9, b) . The second type of siphovirions was represented by rare particles with over-long tails of 300-400 nm length attached to empty capsids (Fig 9, c) . In this case, the capsid might play the main role in negative virion surface charge of siphophage population, while the phage tail length suggests its intrapopulation heterogeneity or the presence of two phage species. Intrapopulation morphological diversity, or heterogeneity, of phage T4, that is a prototype of the whole Myoviridae phage family in order Caudovirales, is well known. The virion of phage T4 is a model of tailed viruses of A2-morphotype [14] .
FIGURE9. Gross morphology and frequency distribution diagrams of
The normal capsid of phage T4 is an elongated icosahedron and its molecular structure recently was studied in details [15] . Five types of clearly distinguishing aberrant (abnormally shaped) capsids with packed DNA are known for T4 phage.
There are three types of capsids with alternating length, but the same width such as:
isometric (small icosahedral capsids containing about 2/3 of T4 genome) [12, 13, 16] , intermediate (shorter by 4-5 nm, but the geometry of the capsid resembles normal elongated icosahedron) [17, 18] , and giant T4 heads (elongated by 1.5 times or more comparing to normal T4 capsid) [19] . Two capsid aberrations affecting its width are known such as biprolate headsprotruded on one side of a fivefold axis, and triprolate capsidsprotruded on both lateral sides [20] .
The aberrant capsids assembling during the T4wt infection are supposed to be rare [21] , but their formation can be induced by amino acids and anti-metabolites [22] , or be a result of specific mutations (amber-mutants) [23] . Naturally occurring capsid aberrants in T4wt phage are known only as those ones having isometric and biprolate geometry. The isometric T4 virions are non-infectious, since they contain only about 2/3 of the whole phage genome [13] and their increased amount in the lysate correlates with the lower recombination frequency of T4 mutants [24] . The naturally occurring biprolate phages are more frequently assembled with two or more tails, than with one [12] . As the giant phages, they could be infectious since they contain DNA of more than one T4 genome length [25] , but it is unknown how the additional tails function during adsorption and DNA injection [20] . By analysis of amber and ts-mutations it was shown that twelve genes are involved in T4 capsid morphogenesis [26] . However, only two of them, genes 22 and 68 [20, 27] are involved in control of capsid width.
The mechanisms of natural occurrence of the aberrant capsids are unknown, though, it was long ago observed, that, in T4 and T2 phages, the ratio of isometric, multi-tailed and normal virions depends on the multiplicity of infection and/or physiological state of the culture [24, 28, 29] .
The observed tubby-phages in phage Lw1 primary population were symmetrically protruded. They also can be referred to triprolate aberrant virions, but this needs to be proven by additional studies. Besides, they were not observed to be assembled with multiple tails, while about one thousand virions had been examined in general. The primary Lw1 virions gathered in the peak I can be considered as having intermediate capsid that retains the geometry of normal head. In our case, all the three primary phage Lw1 subpopulations were infectious, thus it is interesting how the capsid size affects on the virion DNA structure, and phage-to-phage or phage-host genetic exchanges. Also, it is unclear, whether the plaques of the subpopulation I do reflect the development of myovirions with intermediate capsids mostly gathered to this peak, or they arise due to propagation of the 'normal' Lw1 virions randomly eluted into the peak I fractions.
Using phage T4 as benchmark against which T4-like phages isolated from environment were analyzed, many viruses producing aberrant capsids and tails in laboratory conditions were reported [30, 31] . Such aberrations are considered as results of natural mutations in genes homologous to the corresponding T4 sequences.
Thus having an attenuated Lw1 population should be an ordinary situation, rather than isolation of "ideal" lytic phage.
As it was noted by Rao&Black [32] The profile of Lw1 propagated on BL21(DE3) was close to that one obtained for its primary population and described in this paper, while Lw1 profiles from the other host strains contained only one main peak gathered by 0.25 M NaCl. Despite the fact, that the peak number stays, generally, the same, the volumes of the virioncontaining fractions of phage Lw1 change significantly depending on the host bacterium. Thus, it is more probable that intrapopulation diversity of phage Lw1 is related to both phage and host genetics, because the structure of phage T4 population stays the same on different hosts. are commercial chromatographic columns available that allow for purification and separation of phage lysates, but they have quite high prices and maximal reported volume of phage suspension concentrated by these tools was 470 ml [33] . Since we needed to treat a sample of 5 liters volume avoiding high-cost tools and logistic challenges, the classical approach to anion-exchange chromatography was applied.
This approach is routinely used in our lab and its high efficacy had been demonstrated [34] . As it was shown above, the used anion exchanger allowed us to not only purify and concentrate a big volume of the phage sample, but effectively isolate and enrich the hidden population of the siphophage as well as the minor subpopulations of the myophage.
As this study has demonstrated, lysis of an industrial recombinant E. coli strain may be related to several bacteriophages at the same time. We tend to think, that the siphophage gathered in one peak was a single species. The observed over-long tails rather were aberrant structures, since only a few such virions were found among a number of others. Such tail aberrations are known for Siphoviridae viruses. For example, Salmonella phage MB78 produced 3-4% of over-long aberrant tails [35] .
Biodiversity of viral populations is under close attention since viruses are the most numerous living entities accompanying cellular organisms. Despite the extreme undesirability, sporadic phage lysis at biotechnological facilities could be regarded as a quite convenient semi-natural system, or even model, to study phage population ecology. In the described case of phage lysis, a competitive exclusion between the populations of sipho-and myophage evidently existed. This fact is interesting because based on plaque morphology and ability to propagate in subsequent passages we concluded that the prevailing myophage population was attenuated. By the methods used we did not identify any common specific defect in the myovirions structure that might explain such a phage behavior. However, it was found that this defect, which did not allow the general phage pool to produce robust negative colonies on solid LB-medium, was overcome by an increased multiplicity of infection of the sensitive cells. In such context, sporadic phage lysis of E. coli 
